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The study of protein binding mechanisms is a major
topic of research in structural biology. Here, we
implement a combination ofmetrics to systematically
assess the cost of backboneconformational changes
that protein domains undergo upon association.
Through the analyses of 2090 unique unbound /
bound transitions, from over 12,000 structures, we
show that two-thirds of these proteins do not suffer
significant structural changes upon binding, and
could thus fit the lock-and-key model well. Among
the remaining proteins, one-third explores the bound
conformation in the unbound state (conformational
selection model) and, while most transitions are
possible from an energetic perspective, a few do
require external help to break the thermodynamic
barrier (induced fit model). We also analyze the
relationship between conformational transitions and
protein connectivity, finding that, in general, domains
interacting with many partners undergo smaller
changesupon association, andare less likely to freely
explore larger conformational changes.
INTRODUCTION
Proteins are the main perpetrators of most biological tasks.
However, they seldom act in isolation and many cellular func-
tions are, in fact, carried out by largemacromolecular complexes
and regulated through intricate networks of protein-protein inter-
actions. After the completion of genome sequencing projects,
large efforts have been devoted to unveil the interrelationships
between the discovered gene products in a high-throughput
manner, and second-generation structural genomic projects
allow translation of this one-dimensional interactome into
three-dimensional (3D) structures of protein-protein complexes.
The mechanism of protein-protein and protein-ligand binding
has been a major topic of research in structural biology for
many decades. Fischer suggested decades ago that protein-
ligand interactions follow a lock-and-key (LK) model in which
the protein (the lock) acts as a rigid template recognizing theStructure 19interactingmolecule (the key) (Fischer, 1894). However, as struc-
tural studies demonstrated the differences between ‘‘holo’’ and
‘‘apo’’ forms of proteins alternative models, where the macro-
molecule was considered as a flexible rather than a rigid entity,
were developed. The first of thesemodels is induced fit (IF) which
suggests that the initial interaction between the protein and
ligand (in our case another protein) induces a conformational
change in each of them, ending up with the attainment of the
two optimal structures to maximize the binding (Koshland,
1958). More recently, the conformational selection (CS) model
has been suggested. It assumes that free proteins exist as an
ensemble of conformations in equilibrium, a few of which are
close to the conformation adopted upon association (Goh
et al., 2004; Tsai et al., 1999). The binding partner would then
recognize those molecules presenting the correct conformation,
causing an equilibrium shift toward the bound state.
Differentiation between IF and CS mechanisms is not trivial,
since they represent two extremes of a continuum of possible
binding strategies that might even coexist in the same protein
(Boehr and Wright, 2008). Furthermore, despite some attempts
(Dobbins et al., 2008; Gru¨nberg et al., 2006), there are no esti-
mates of the impact of IF and CS in the definition of the interac-
tome, as there is no evidence of the impact of pure LK-like inter-
actions, and we still lack a systematic study able to provide
general trends. Part of the problem arises from the scarcity of
experimental information about the dynamics of the protein
interaction process.
In this study, we benefit from the ever-larger number of high-
resolution structures and from state-of-the-art simulation tech-
niques to study the intrinsic flexibility in protein domains and their
conformational changesuponassociationwithotherproteins.We
implement and use a combination ofmetrics to assess the energy
cost of conformational changes upon association, and investi-
gate the extent of the three classical models of binding (LK, IF,
and CS) in the definition of the interactome. Finally, we examine
the relationship between the calculated conformational energy
transitions and protein connectivity in interactome networks.
RESULTS AND DISCUSSION
Protein Conformational Changes upon Association
In order to study backbone conformational changes between
unbound and bound domains and assess whether these, 881–889, June 8, 2011 ª2011 Elsevier Ltd All rights reserved 881
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Energetics of Structural Changes upon Associationchanges are small (i.e., binding following LK model), likely to be
explored in the unbound form (CS model) or require ‘‘help’’ by
the binding partner and/or cofactors (IF model), we collected
all domains of known 3D structure for which unbound and
bound instances of identical sequence were available. Since
the functional oligomeric states of the proteins in their cellular
environment is still under debate, especially for those proteins
that undergo conformational changes upon association (Poupon
and Janin, 2010; Xu et al., 2008), in this study we used the
oligomeric state of each protein contained in the asymmetric
units of the PDB. However, to warrant the validity of our obser-
vations, we repeated all the analyses considering only those
domain pairs where the asymmetric and biological units of
monomeric or oligomeric states of the unbound and bound
forms agreed, supporting the general validity of our conclusions
(see Table S1 available online). In addition, to maximize the
number of structures considered, we used protein domains
rather than full-length proteins, because it gives us access to
a much broader database, as structures of full-length proteins
for both unbound and bound structures are very scarce. In addi-
tion, it has also been shown that the majority of interactions in
the PDB occur between two domains, and three or more units
are only involved in 6% of the interactions of known structure
(Aloy and Russell, 2004), such that it can be assumed that the
majority of (domain-based) protein interactions are indeedmedi-
ated by the binding of two domains. Furthermore, working with
domains allows us to classify not only transitions between indi-
vidual instances, but also variations among members of the
same family.
Overall, we identified 1024 unique interaction topologies, or
interaction types (Aloy and Russell, 2004), involving 737 protein
domains for which we have, at least, one representative struc-
ture of the unbound and one of the bound forms. In total, we
collected 4937 distinct structures of unbound domains and
8525 distinct structures of bound domains, making a total of
60,980 pairs of unbound and bound domains with identical
sequences. Because most structures used in this study were
determined by X-ray crystallography (65% of the unbound and
85% of the bound structures), a potential caveat of studying
such transitions is that crystal packing may place some con-
straints on unbound structures, deviating from the functional
structure in solution. However, we found that results for the
subset of structures solved by X-Ray and NMR are quite similar
(see below), which suggests that artifacts induced by crystal-
packing are not particularly relevant for the qualitative purposes
of this paper. Having identical sequences for unbound and
bound instances allowed us to easily compute the transition
root mean-square deviation (rmsd), i.e., the difference between
the unbound and bound structure. In addition, the analysis
of the unbound form derived from anisotropic elastic network
models-normal mode analysis (NMA) and from atomistic molec-
ular dynamics (MD) allowed us to determine the essential
deformation modes of the isolated proteins. This information
appears compressed in the form of a set of eigenvectors (EVs)
describing the nature of the essential movements of isolated
proteins, and the associated set of eigenvalues, which depend-
ing on its postprocessing indicates the energies or variance (at
a given temperature) associated with each of these movements
(see Experimental Procedures).882 Structure 19, 881–889, June 8, 2011 ª2011 Elsevier Ltd All rightsThe transition rmsds in our data set range from 0 to 33.9 A˚, with
an average of 1.4 ± 1.7 A˚ across interaction types. To avoid bias
toward frequently studied proteins, we created a representative
set that only contains one instance per domain, interaction
type and cluster of 100% sequence identity, leading to 2090
unbound/bound transitions involving 723 domains and 1003
interaction types. Analysis of more than 1500 atomistic molec-
ular dynamics showed that (independent of the force-field)
thermal noise in a single trajectory amounts for around 1.5 A˚ in
rmsd (Meyer et al., 2010; Rueda et al., 2007b). We thus assume
here that binding events involving changes in smaller than 1.5 A˚
follow Fischer’s model, while those with rmsd (unbound versus
bound) larger than 1.5 A˚ follow either conformational selection
or induced fit models.
Using this criterion we found that 1373 of the transitions
(536 domains and 735 interaction types) follow a general
Fischer’s model. Due to the average nature of the rmsdmeasure,
we had to consider the possibility that some of these interaction
structures might display large but local movements that would
not fit completely to a pure LK model. Accordingly, we checked
whether any of the proteins in this first set contained stretches of
10 or more residues showing structural differences between the
unbound and the bound forms larger than 5 A˚, and found that this
was the case for only 14 of them, corresponding to 9 domains
and 14 interaction types. Thus, according to this criterion, we
found that the LK model could apply to roughly 65% of the
interaction clusters studied (Figure 1). However, since our study
is mainly based on crystal structures, we can expect an overrep-
resentation of rigid proteins, more likely to follow Fischer’s
model, and therefore this figure should be taken as the upper
limit of our estimation. Furthermore, here we focus on backbone
changes, but it should be noted that side-chain arrangements
may occur upon binding, allowing for fine-tuning the interface
contacts (Boehr et al., 2009).
We identified 9044 cases (35% of the representative clusters)
with transition rsmds above 1.5 A˚, which thus would not follow
the LK model, corresponding to 732 nonredundant unbound/
bound transitions involving 317 domains and 459 interaction
types. Whenever possible, the representative instances chosen
did not contain any ligands (i.e., nucleic acids, cofactors, drug-
like molecules or inorganic molecules used for crystallization
purposes) in either the bound or the unbound structure, nor addi-
tional proteins in the bound structure, as these may all affect
the conformation of the protein, and it is difficult to identify
which ligand has which influence. Note that the rmsds observed
here are not correlated with the domain size (Goodman and
Kruskal’s gamma correlation coefficient [GCC] = 0.01), indi-
cating that the magnitude of change upon binding does not
depend on the domain’s size. In fact, we found that the cases
with large conformational changes (rmsd > 10 A˚) often occur in
average domain sizes (100–150 residues).
Flexibility and Conformational Transitions
To assess the chances of an unbound/bound transition to be
freely explored by the intrinsic motions of the isolated unbound
domains, we computed three major descriptors, derived from
the NMA space: the rank of the EV that is most similar to the tran-
sition vector T (note that EVs appear ranked based on their
importance to describe protein movements, the first being thereserved
Lock-and-Key model
(65%)
Twilight
zone
(21%)
Conformational
selection
(13%)
Induced fit
(0.8%)
A B
16
(2%)
102
2
0
317 5
21
Z(energy)
Rank
dot10
269
(37%)
Figure 1. Distribution of the Parameters to
Estimate Feasibility of the Unbound/
Bound Transitions Studied
(A) Transitions with rmsd R1.5 A˚. Cases with
dot10R0.5, energy Z-score < 0, and rank <10 are
assumed to freely explore the bound conformation
(violet intersection of all circles; see the main text
for details), whereas those cases outside of all
circles (red) are not expected to reach the bound
conformation without additional external energy.
Note that almost all cases considered feasible by
the dot10 are in accordance with the two other
parameters, but not vice versa. Data provided in
Table S2.
(B) Overview of all nonredundant transitions
studied here, and their distribution among the
different models of binding. The majority of cases
undergo none or minor changes and thus match
the Lock-and-Key model, while around 13% can
freely explore their bound conformation in the unbound state and thus correspond to the conformational selectionmodel. Less than 1%of all cases do not explore
their bound conformation according to either of our energetic parameters (induced fit model). For the remaining cases, some parameters predict free exploration
of the bound state while others disagree, so that themechanism is not clear andmight involvemixedmodels such as induced fit with low energetic barriers. Use of
biological instead of asymmetric units of structures leads to very similar results (see Table S1).
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Energetics of Structural Changes upon Associationmost important one), the Z-score of the estimated transition
energy, and the sum of the dot products (overlaps) of the first
10 EVs with the transition vector T (‘‘dot10’’). Ranks <10 are
indicative that the observed transition has the largest overlap
with one of the intrinsic deformation modes of the unbound
protein. Complementing the rank, the dot10 determines the
degree of similarity between the observed unbound/bound
transition and the first ten independent movements. We consider
that transitions with a dot10 R 0.5 correspond to cases where
the intrinsic dynamics of the protein is well adapted to the
required unbound/bound transition, as at least 50% of
the transition is explained by the very essential deformations of
the unbound protein. Finally we used the Z-score of the transition
energy as a normalized measure of the energy required for the
change from unbound to bound conformation. Values below
0 indicate that this movement is possible without additional
(external) energy. Note that in our data set the three metrics
are not significantly correlated with domain size (CGC = 0.0 for
rank, 0.1 for dot10 and 0.2 for energy Z-score).
According to the energy Z-scores, we found that most of the
‘‘nonnegligible’’ conformational changes studied here are possi-
ble from an energetic perspective, and only 6% of all changes do
require external help, in the form of cofactors or the initial binding
of the interaction partner, as the IF model suggests (Figure 1).
Likewise, the EV most similar to the unbound/bound transition
vector T is frequently found among the first ten EVs, indicating
that the largest overlaps appear within the easiest deformation
modes. The dot10 suggests that in 276 out of 732 (38%) cases
with significant conformational changes, the top ten EVs
together can explain 50% or more of the transition; i.e., in 38%
of the cases, the essential protein dynamics seems refined by
evolution as to facilitate the conformational transitions that
happen during binding. Almost all cases considered feasible
by the dot10 are also expected to be explored and energetically
viable based on the other two parameters (Figure 1). Therefore,
in the rest of the manuscript, we consider transitions feasible
and probably explored by the intrinsic movements of theStructure 19unbound domain if their dot10 is R 0.5. We investigated how
sensitive our results are to the chosen threshold, and found
that, while the overall number of cases estimated to be freely
explored changes, it always remains very close to the feasibility
estimate using all three metrics. All the results for the represen-
tative examples are provided in Table S2.
We also investigated whether feasibility assessments differ
depending on the method of structure determination, but could
not observe significant differences in terms of rmsd or dot10
for the structures solved by NMR versus those solved by X-ray
crystallography. The former might have a lower rank though,
indicating that the main vectors of harmonic movement tend
to be similar to the transition vector T, even though the overall
feasibility estimate does not differ from transitions with higher
ranks.
Results discussed until here are based on elastic network
models processed by NMA. To address whether these approxi-
mations are accurate enough to reproduce the dynamics of
unbound proteins well, we compared the EVs obtained from
essential dynamics processing of the atomistic molecular
dynamics (MD) trajectories (considering fully hydrated systems
and ‘‘state-of-the-art’’ simulation conditions) of 70 representa-
tive proteins of 99 transitions (see Experimental Procedures
and Table S2) with the NMA eigenvectors, finding a significant
overlap, as the average dot product between the first ten EVs
from NMA and the first ten EVs from MD was around 0.5, being
similar to that between two independent atomistic MD trajecto-
ries (as calculated from the microMoDEL database (Meyer
et al., 2010), the expected average dot product by a random
model is 0.04). Not surprisingly then, the GCC-correlation
between the dot10 for the transition computed from NMA and
from MD simulations is very good (0.73) for all transitions. Alto-
gether it is clear that despite its simplicity, the current NMA
implementation is able to capture well the essential deformation
patterns of unbound proteins and to trace unbound/bound
transitions well, which is in good agreement with previous find-
ings from our group (Orellana et al., 2010; Rueda et al., 2007a)., 881–889, June 8, 2011 ª2011 Elsevier Ltd All rights reserved 883
Figure 2. Examples of Large Explored and
Unexplored and Small Unexplored Transi-
tions
Superposition between unbound (cyan) and
bound (dark blue) forms of selected illustrative
examples.
(A) The large conformational change from
unbound FH2 (PDB: 1ux5) to FH2 bound to actin
(PDB: 1y64), in which a linker and the N-terminal
alpha helix are displaced, has a magnitude of 10 A˚
but is considered feasible by all three NMA
parameters computed in this study (dot10 = 0.88,
energy Z-score = 4.5, rank = 3).
(B) The dimerization of the guanine nucleotide
binding domain MMR_HSR1 (PDB: 2gja and 1rfl)
involves a conformational change of 9 A˚, which not
considered feasible by either of our NMA param-
eters (dot10 = 0.25, energy Z-score = 0.1, rank =
14). GDP, K+ and Mg2+ heteroatoms are show as
spheres.
(C) The Hormone_6 domain in the hCG alpha
subunit (PDB: 1e9j) shows a large and flexible loop
in the unbound structure. Upon binding to the beta
subunit (PDB: 1hrp), this loop becomes ordered.
The NMA parameters for this transition do not
agree on feasibility. While the rank of 3 indicates that the EVmost similar to T is of low energy, dot10 (0.28) and energy Z-score (9.4) do not indicate that the bound
conformation is freely explored.
(D) The Bcl-2 domain loses some of its helical structure upon binding to a Bclx_interact protein, especially in helices alpha3 and alpha4 (PDB: 1af3 and 1pq1).
Despite the small magnitude of this change (rmsd = 1.9 A˚), it is not considered feasible by either of the NMA parameters (dot10 = 0.19, energy Z-score = 10.5,
rank = 16), and simulation by MD confirmed that the bound conformation is likely not explored (see Table S3 for NMA andMD data for this as well as the six other
transitions studied in detail by both methods).
Structure
Energetics of Structural Changes upon AssociationTo illustrate the different groups of unbound/bound transi-
tions found, we have selected a few representative examples
of transitions which are either explored or unexplored by the
respective unbound form of the protein and which imply large
or low rmsds variations. Figure 2A shows a freely explored large
transition, observed in the Formin Homology 2 (FH2) domain
upon binding to actin (a key process in the organization of cyto-
skeleton (Scho¨nichen and Geyer, 2010; Xu et al., 2004). The 10 A˚
transition between the unbound and bound structure involves
the displacement of an N-terminal helix and linker. Despite the
large magnitude of the change, it is considered feasible, since
the transition agrees very well with the essential deformation
pattern of unbound FH2 (dot10 = 0.88, rank = 3, energy Z-score =
4.5). This is thus a clear example of binding transition following
the CS paradigm. As suggested by others (Otomo et al., 2005;
Xu et al., 2004) the conformational flexibility of FH2 is related
to the flexible N-terminal linker and has been suggested to be
crucial for processive capping, the ability of FH2 to remain
persistently associated with the rapidly growing end of actin fila-
ments, in which the linker and helix wrap around the next actin
monomer to be added (Scho¨nichen and Geyer, 2010).
In contrast, the conformational transition required for dimer-
ization of the guanine nucleotide binding domain of MnmE
(MMR_HSR1), a protein involved in tRNAmodification, is unlikely
to be spontaneously explored by the unbound protein (Fig-
ure 2B). A considerable structural difference between the apo
form and MMR_HSR1 with GDP and a potassium ion has
been observed (rmsd = 9 A˚; Scrima and Wittinghofer, 2006),
and comparison of transition vector with unbound deformation
modes report values (dot10 = 0.25, rank = 14 and energy884 Structure 19, 881–889, June 8, 2011 ª2011 Elsevier Ltd All rightsZ-score = 0.1) which strongly suggest that the unbound/bound
transition is not spontaneously sampled by the unbound form of
the protein, indicating that this protein follows a clear IF mecha-
nism, probably based on binding of K+.
More difficult to assign is the case of the 4.4 A˚ transition of
Hormone_6 (Figure 2C) where, while the rank (3) indicates that
the observed motion overlaps with one of the main harmonic
motions of the unbound protein, the other two parameters
assess that this transition is not freely explored (dot10 = 0.28,
energy Z-score = 9.4). The Hormone_6 domain studied here is
part of the hCG (human chorionic gonadotropin) alpha subunit,
which has a central cysteine knot that forms a rigid core. As
the NMR data shows, the large loop binding to the beta subunit
in the heterodimer is very flexible and does not have a well-
defined structure in the unbound conformation (Erbel et al.,
2000). In the bound structure, this loop assumes a well-defined
beta-alpha-beta motif, which is held in place by a ‘‘seat belt’’
formed by disulphide bridges in the C terminus of the beta
subunit. Given the unstructured nature of the loop, it may be
possible that the bound conformation is marginally explored in
the unbound trajectory, though the stabilization by the seat belt
is probably the driving force in maintaining this conformation.
Interestingly, seven of the transitions studied in this work dis-
played modest displacements (1.7 A˚ < rmsd < 3 A˚), but still were
classified as ‘‘difficult’’ by all our descriptors. To rule out potential
bias induced by the simplicity of the NMA strategy or artificial
potential contacts and rigidity introduced by the crystal forms
in these cases, we repeated the study considering the essential
deformations derived from more detailed atomistic MD simula-
tions, finding very strong support to NMA suggestions for allreserved
Structure
Energetics of Structural Changes upon Associationseven cases (Table S3). As an example, we present the Bcl-2
domain (Figure 2D), which is involved in the regulation of
apoptosis and found in both proapoptotic and prosurvival
proteins (Cotter, 2009) and which is an excellent target for anti-
cancer therapies (Lessene et al., 2008). Many Bcl-2 proteins
contain four conserved Bcl-2 homology (BH) domains, while
other members of the extended family only contain one of the
BH domains, BH3 (or Bclx_interact), which forms a helical
peptide with a consensus motif that is recognized by multido-
main Bcl-2 proteins (Lessene et al., 2008; Stein and Aloy,
2010). Here, the conformational changes upon interaction of
Bclx_interact and Bcl-2 lead to loss of the ordered helical
structure in the alpha3 and alpha4 helices (Liu et al., 2003).
Despite the small rmsd of 1.9 A˚, both NMA (dot10 = 0.19, energy
Z-score = 3.3, rank = 16) and MD (dot10 = 0.14, energy
Z-score = 0.9, rank = 12) estimate that this transition is not
explored by the unbound protein since the type of deformation
required for binding is quite orthogonal to that coded in the struc-
ture of the unbound protein. As a conclusion, we can speculate
that in this case conformational transition is probably induced by
binding of Bclx_interact.
Flexibility of Domain Families
After considering individual examples of unbound/bound tran-
sitions and their flexibility, we next sought to assess whether
domain families tend to explore all bound conformations or
require induced fit for all binding partners, or whether flexibility
and feasibility of conformational changes vary among different
interaction types. In order to perform this study, we first need
to estimate the intradomain variability of the families analyzed
in this study, by comparing the structures of different members
of the same domain family. We identified and compared
between 2 and 75 unbound structures and between 2 and 218
bound structures, depending on the domain family, and found
that the average rmsd for ligand-free unbound structures
across all interaction types is 0.9 ± 0.6 A˚, while it is 0.6 ± 0.4 A˚
for bound structures. Thus, on average, bound structures
seem to be a bit more rigid than unbound structures. Due to
the large standard deviations, we performed a Kolmogorov-
Smirnov-test to test whether the distributions of rmsds of
unbound and bound structures are significantly different, which
is indeed the case (p-value = 3.266*106). This difference may
be due to the constraints from interaction partner(s) in bound
structures. As some domains show a variety of different
conformations even in the unbound state, we compared the
intradomain variability within families (i.e., the average rmsd
between different unbound members of the same domain) to
the transition rmsds. We found that most families show much
larger transition rmsds than variability among the unbound struc-
tures, suggesting that transition emerges as a clearly defined
conformational movement above the intrafamily conformational
variability.
When grouping the freely explored transitions by domain, we
observe that about 32% of the domains studied explore all their
bound conformations, implying that conformational selection
can explain the structural changes in all these interactions. For
another 41 domains (13%), we find that some of their bound
states are explored freely, while others are not. Finally, more
than half of the domains studied (55%) do not appear to exploreStructure 19significantly any of their bound conformations. Thismight involve
small secondary structure rearrangements (which tend to corre-
spond to poor-ranked EVs), or other movements in directions
that are ‘‘stiff’’ according to the NMA. This is the set of protein
families that would most likely follow the IF mechanism.
Relationship with Protein Connectivity in Interactome
Networks
High-throughput proteomics initiatives suggest that every
protein in an organism might interact with five to ten different
protein partners. It is thus worth exploring the relationship
between the level of connectivity and the conformational
changes upon association. Accordingly, we analyzed whether
or not the transition rmsd and flexibility of a domain correlate
with its connectivity or number of structurally distinct interaction
partners, as defined by the domain-domain (DDIs) observed in
high-resolution 3D structures (see Experimental Procedures).
We observed that about half of the cases with low connectivity
(up to ten distinct binding domains) correspond to domains
that spontaneously explore the bound conformation in the
unbound state. In contrast, very few domains (6%) with more
than ten different binding partners showed freely explored tran-
sitions from unbound to bound conformations. In fact, highly
connected domains (>20 distinct binding partners) are very
unlikely to explore bound conformation in the unbound equilib-
rium ensemble (Figure 3A).
We also investigated more complex relationships between the
transition rmsd, feasibility and connectivity of a domain by
comparing all three parameters simultaneously (Figure 3B). For
cases with low transition rmsds (<2.5 A˚) we observed a broad
range of dot10 values, with a trend of highly connected domains
to not explore their bound structures spontaneously. Cases with
medium rmsds (between 2.5 and 5 A˚) again show a broad range
of dot10 values, with medium connectivity values for most of
them. Finally, transitions of 5 A˚ and above seem (based on the
existing data) to mostly involve domains with low connectivity
(p-value = 0.0099, Fisher’s exact test); however, the number of
cases in this section is very low.
In general, our results suggest that the more structurally
distinct partners a domain has, the less it changes upon binding.
In addition, those domains that freely explore the bound confor-
mations either suffer small changes (low rmsd) or have a very
limited number of structurally distinct interaction partners (low
connectivity) and thus seem to follow Fischer’s binding mode,
giving them clear entropic advantages in a scenario of multiple
target binding. This is somehow at odds with the notion that
hubs in PPI networks are often unstructured or disordered (Kim
et al., 2008). A potential explanation might be that certain rigidity
is required to enforce specificity in the selection of binding part-
ners. For example, a recent study on the flexibility of ubiquitin
found the existence of two rigid hot spots that are assumed to
be responsible to maintain high binding specificity (Lange
et al., 2008). In addition, hubs in protein interaction networks
often contain intrinsically disordered regions, which allow
adaptation to many different interaction partners and often act
through other classes of interaction, such as domain-peptide
interactions (Stein et al., 2009a). Our study here focuses on
domain-domain interaction and thus does not necessarily cover
all interactions that hubs may be involved in., 881–889, June 8, 2011 ª2011 Elsevier Ltd All rights reserved 885
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Figure 3. Analysis of Domain Connectivity versus Transition Feasibility
(A) Unbound/bound transitions classified by the connectivity, or number of structurally different interaction partners, of the domain involved, as well as,dot10
and rmsd (yellow for 1.5 A˚% rmsd < 2.5 A˚, orange for 2.5 A˚ rmsd < 5 A˚, red for larger transitions).
(B) Relationship between domain connectivity (i.e., number of interaction partners), transition rmsd and dot10. Large transitions tend to involve domains with few
interaction partners, while those domains withmany interaction partners usually undergo small changes and/or do not explore them freely. Color scheme as in (A).
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Energetics of Structural Changes upon AssociationWe sought to investigate a potential difference in intrinsic
flexibility between transient interactions and obligate com-
plexes (i.e., those whose individual subunits are never found
in isolation), as characterized on the ratio of accessible surfaces
in the bound and unbound forms. We are not explicitly classi-
fying individual interactions as transient or obligate, but rather
we analyzed the correlation between the surface accessibility
ratio and the NMA results. We did not observe a correlation
between the temporal component of a given interaction and
its energy feasibility. However, we do observe a weak correla-
tion to the dot10 Z-score though [GCC(surface accessibility
ratio, dot10 Z-score) = 0.27], indicating that transient interac-
tions are somewhat more likely to be freely explored than those
in complexes. Taken together, these observations seem to
point toward the existence of an evolutionarily-refined Fischer’s
model to reduce the entropy cost, and make multiple binding
robust to different ordering in ligand binding, which is more diffi-
cult if the structure was modified upon binding of the different
ligands.
Concluding Remarks
The first take-home observation of our study is that the majority
of the proteins and domains studied do not suffer large structural
changes upon association, and thus could well represent exam-
ples of the Fischer’s LK model. As for those proteins that do
undergo conformational changes on binding, there is irrefutable
structural evidence that support the induced fit mechanism, and
also many kinetic signatures for both induced fit and conforma-
tional selection models. In this work, we have sampled a large
amount of data and have found that most structural changes
at the backbone level are not extremely costly from an energetic
point of view. Nevertheless, there are some that clearly require
an external push (i.e., binding to cofactors, etc.) to break the
thermodynamic barrier to change conformations, the most
extreme case being the presence of the binding partner itself,886 Structure 19, 881–889, June 8, 2011 ª2011 Elsevier Ltd All rightsin an induced fit mechanism. We observed that about one-third
of the cases considered, either individual proteins or domain
families, are likely to explore the bound (backbone) conformation
without the presence of any interaction partner, including cases
with large transition rmsds, which strongly support the validity of
the conformational selection model. For almost all the remaining
cases, the picture is less clear, since some parameters predict
free exploration of the bound state and others disagree, indi-
cating perhaps a potential induced fit mechanism without high
energetic barriers. There is only a small fraction (i.e., less than
2%) where all the metrics employed in our study agree on the
imperious requirement of external pushes, either by the binding
partner of cofactors, to induce the observed conformational
changes. In general, our analyses suggest a coexistence of all
three models, although in some families one or the other seems
to be prevalent.
In addition, we also found interesting correlations with the
network topological roles played by each protein. For instance,
our results suggest that domains that interact withmany partners
through distinct interfaces tend to suffer less conformational
changes upon association, and when significant differences
are observed, these are less likely to be explored in the intrinsic
movements of the unbound state. One the other hand, those
families that freely explore bound conformations (significantly
different from the unbound ones) in the absence of the interac-
tion partner show low connectivity.
Overall, we presented a systematic study of the energetics
involved in structural changes upon association in proteins,
and the relationship with their connectivity in terms of structurally
distinct interaction partners that usually act through different
binding interfaces. We hope that works like this will shed some
light into the molecular mechanisms governing protein interac-
tions, providing fresh ideas to improve current strategies for
designing novel protein-protein interfaces and new ways to
target them.reserved
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Set of Interaction Types and Calculation of Structural Movements
Weassigned Pfamdomains (Finn et al., 2010) to all proteins of known 3D struc-
ture by means of BLAST (e-value 0.01) (Altschul et al., 1997). For each domain
in an unbound protein, we searched for a structure in which the same domain
(100% sequence identity) occurred, bound to another domain as described in
3 did (Stein et al., 2009b). Each distinct pair of domains defines an interaction
type (Aloy and Russell, 2004). The vast majority of these pairs only show one or
a few interaction topologies (Stein et al., 2011). If multiple topologies are avail-
able, those for which sequentially identical unbound domains are available
have been studied here.
All root mean square deviation (rmsd) computations as well as the Normal
Model Analysis (NMA) consider the position of the C-alpha only. Transition
rmsds (between unbound and bound structures) exploit the fact that the
sequences are identical; thus, no alignment is required. No clear differences
were obtained when using other superimposition strategies such as the
Gaussian-weighted rmsd (Damm and Carlson, 2006). To assess within-family
variations, rmsds among members of the same domain family are calculated
following superimposition using STAMP (Russell and Barton, 1992).
Correlation Coefficients
We used the implementation of Goodman and Kruskal’s gamma correlation
coefficient (GCC) in the Hmisc library of R. A GCC of 1 indicates perfect posi-
tive correlation, 1 indicates perfect negative correlation, while 0 means that
the two parameters or data sets in question are not correlated.
Normal Mode Analysis
NMA was performed according to the anisotropic network model approach
(Bahar et al., 1997), onwhich the Hessian is obtained from a harmonic potential
defined as (Tirion, 1996),
E =
XN
i; j
Kij

dij  d0ij
2
;
where dij and d
0
ij are the instantaneous and experimental distances between
Ca atoms i and j, and N the number of Ca. Instead of using a uniform spring
constant Kij, we followed Kovac’s approach (Kovacs et al., 2004) which
assumes an inverse exponential relationship between the distance and the
force constant as
Kij =C

r
dij
6
;
where C is a stiffness constant (taken as 40 kcal/mol A˚2), and rwas set to 3.8 A˚
(i.e., the mean Ca-Ca distance between consecutive residues). Complete
diagonalization of the Hessian yields 3N – 6 eigenvectors ranked according
to their associated eigenvalues. The eigenvectors describe the collective
directions of motions and eigenvalues describe the energetic cost of deform-
ing the system along the eigenvectors.
Molecular Dynamics Simulations
We performed atomistic MD simulations for 70 unbound proteins, represent-
ing 99 cases covering a wide range of transition rmsds. Simulation systems
contain the protein, TIP3P water molecules (Jorgensen et al., 1983) counter-
ions (Na+ and Cl) needed for neutralization, plus 50 mM added NaCl.
Simulation boxes were defined by truncated octahedrons large enough as
to guarantee at least 12 A˚ of solvent to the face. Periodic Boundary
conditions and Particle Mesh Ewald were used to account for long-range
effects. Systems were optimized, thermalized, and equilibrated as noted
elsewhere (Rueda et al., 2007b). Trajectories were collected for 10 ns under
isothermal-isobaric conditions. All simulations were performed using AMBER
parm99 force field (complete simulation details reported in (Meyer et al.,
2010).
MD simulations were mostly used to support the validity of simpler and
faster NMA calculations. For this purpose, MD trajectories were subjected
to essential dynamics analysis (Amadei et al., 1993) from which a set of
eigenvectors and their corresponding eigenvalues is obtained through
diagonalization of the covariance matrix obtained from the trajectory. TheseStructure 19eigenvectors/eigenvalues can be compared directly to those derived from
NMA, or alternative can be used to trace transitions as described above.
Descriptors Used to Evaluate the Observed Transition
A series of metrics were used to determine the ability of the intrinsic dynamics
of proteins to sample the conformational change implicit to the unbound/
bound transition.
dot10
The overlap between the important modes and the observed transition was
estimated by the sum of the dot (scalar) product of the first ten eigenvectors
with the transition vector representing the native conformational change
unbound/bound as,
dot10 =
X10
i = 1
T  vi ;
where v stands for one of the first ten eigenvectors representing the essential
deformation movements obtained by either NMA or atomistic MD. The transi-
tion vector T was obtained by subtracting the coordinates of the bound to the
unbound after 3D superimposition and was later normalized, so it corresponds
to a unit vector. Note that since the 3N – 6 EVs (where N stands for the number
of residues in the protein) describe a complete orthonormal basis set, then the
dot product sum over all EV is necessarily equal to one and for a random set of
eigenvectors the fraction of the transition explained (dotM) will be equal to M/
(3N – 6), M being the number of eigenvectors considered. Obviously, slightly
higher dot10 values are expected for smaller proteins [e.g., dot10(random)]
for a 50 residue proteins is 0.07, 0.03 for a 100 residue proteins and 0.01 for
a 300 residues protein. Additional statistical confidence on dot10 values was
obtained by analysis of the associated Zscore derived as described in the Su-
porting information.
Z score of the estimated transition energy
A rough estimate of the harmonic transition energy between unbound and
bound conformation was obtained by using (Noy et al., 2007)
E =
kBT
2
d2M;
where kB stands for the Boltzmann’s constant, T is the temperature and dM is
a Mahalanobis distance (Mahalanobis, 1936) computed as
dM =
"Xn
i = 1
 
xi
l
1=2
i
!2#1=2
;
where xi is the displacement along the individual eigenvectors required for the
transition, li is the corresponding eigenvalue (in distance
2 units), and n the
number of eigenvectors employed in the computation. The Mahalanobis
distance is a unit-less metric, directly related to the deformation energy which
defines the minimum pathway in essential subspace between two conforma-
tions. It is computed by finding the optimum (in terms of deformation energy)
pathway along essential deformation space that connects two conformations
(Mahalanobis, 1936; Noy et al., 2007). A cutoff of 1.5 A˚ rmsd was used for the
definition of the bound conformation.
The energy values obtained are always very large due to the harmonicity
assumption, so more useful than the energy itself is the associated Z-score
which is determined as
Zscore =
EnergyðobservedÞ  EnergyðrandomÞ
stdðEnergyðrandomÞÞ ;
where the energy of the random model was obtained by displacing the
unbound structure toward a decoy structure the same Drmsd as that of the
wild-type transition. For instance, if the Drmsd(unbound/bound) = 2.5 A˚,
the unbound was displaced 1 A˚ along its EVs toward a decoy structure. The
decoy structures were generated by shuffling Cas positions of the bound
structure. The standard deviation was obtained by considering 100 decoys.
Rank
The rank was defined as the index of the EV that has the strongest overlap (as
measured by the dot product) with the transition vector unbound/bound T.
Domain Connectivity
We determined the domain connectivity based on the number of distinct
binding domains as observed in high-resolution 3D structures (Stein et al.,, 881–889, June 8, 2011 ª2011 Elsevier Ltd All rights reserved 887
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usually bound via different interaction interfaces.
Obligate versus Transient Interactions
To compute whether a domain tends to occur in a complex, or rather in tran-
sient interactions, we computed the ratio of surface accessibility between the
domain on its own versus the domain in interaction with at least one other
protein using NACCESS (Hubbard and Thornton, 1993). Low values indicate
that a domain is more likely to be in a complex, high values point to transient
associations.We developed this measure to allow for classification of domains
of different size. Protein interaction interface size has previously been used to
separate transient and obligate protein interactions, although the separation is
not perfect (Bradford et al., 2006; Nooren and Thornton, 2003). Despite the
expected differences that this ‘‘normalization by domain size’’ necessarily
introduces, this new parameter correlates reasonably well with the more
established interface size criterion (GCC = 0.5; high ratios correspond to
small interfaces).
In addition, we computed the number of domains found at the same time/in
a single structure in contact with the domain in question. Domains binding
many partners simultaneously are more likely to participate in complexes
than in transient interactions.
SUPPLEMENTAL INFORMATION
Supplemental Information includes three tables and can be found with this
article online at doi:10.1016/j.str.2011.03.009.
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